The kinetics, morphology and composition of the formation of TCP phases in an experimental alloy containing no tungsten is studied. At high temperature P phase forms after 20 h, whereas below 950°C the phases p and R occur. At lower temperatures a polycrystalline form of cr phase is observed which is meta-stable but acts as a nucleation site for the other phases. The phase occurrence and compositions are compared with a thermodynamic model using a rhenium-containing database, and reasonable agreement is found for the P, R and cs phases. However the model underestimates the stability of the p phase.
Introduction
Over the last 25 years additions of the elements tungsten, molybdenum and rhenium to single crystal superalloys have increased greatly and this situation is largely responsible for the improvements in the high temperature creep and rupture properties that have been achieved [I, 21. However, the amounts of these elements which can usefully be introduced is limited by the formation of the group of phases known as TCP or Topologically Close-Packed phases [3] . The crystal structures consist of close-packed layers of relatively smaller atoms, such as nickel and chromium, with the larger atoms, such as rhenium, tungsten and tantalum, residing in 14, 1.5 or 16 co-ordinated sites between the layers. The number of these sites, centred on one of the so-called Kasper polyhedra [4] , is characteristic of a given TCP phase, and, as a consequence of this, a wide range of compositions are displayed. In general, the close-packed layers have a high degree of coherency with the { 111) planes of the y and y' phases. Frequently, the TCP phases form in an extensive plate-like morphology parallel to the four (111) planes. This results in the characteristic needle-like appearance when sectioned in the { 100) plane. Table 1 lists the crystallography of the phases observed in this work. TCP phases have been shown to have an adverse effect on the mechanical properties of alloys [5, 61 , but, although they are brittle, there is conflicting evidence that they are directly involved in the failure and fracture of single crystal alloys [7, 8, 9] . A major threat posed to these alloys by the formation of TCP phases comes from the loss of the TCP-forming elements, and their potential strengthening effect, from the gamma phase.
The prediction of alloy stability is an important part of the alloy design process and recently the use of thermodynamic modelling of these multi-component alloys has proved to be a very powerful technique [lo, 11,12,13,14] . However the accuracy of this method in predicting interactions in systems of up to 14 components depends on the availability of accurate experimental data on the equilibrium phases. Although TCP phases have been studied for many years, and their presence carefully monitored in a great number of alloys, data on the specific nature of the phases formed and their compositions in Re-containing single crystal superalloys are limited in extent [7, 8, 9, 153 . Recently Re has been added to the existing Ni-based superalloy database [16] , and the work described here forms part of a larger study performed to validate the predictions of this database with respect to TCP formation and to provide further data for development of the model. The alloy described here, RR2071, is a second-generation single crystal superalloy containing -3 wt % of rhenium comparable with the commercial superalloys such as CMSX4. It is unusual in that it contains no tungsten and exhibits all four TCP phases typically found in single crystal alloys. This paper describes the TCP phases formed in the alloy, their composition and structure and demonstrates the role of sigma nucleation in the formation of the other TCP phases. Comparison with CMSX-4 and Alloy 800 [7, 15] allows the effect of the replacement of tungsten by molybdenum to be explored.
Exnerimental Details
The alloy RR2071 used in this study is an experimental rheniumcontaining single crystal alloy. Table 2 gives its composition together with that of CMSX-4 and Alloy 800 [15] . In RR2071 (in comparison with CMSX4) the tungsten is replaced by a similar atomic percent of the lighter element molybdenum with the aim of reducing the density of the alloy. Other modifications are a slightly increased titanium percentage and the addition of a small amount of niobium.
Single crystal bars RR2071 were supplied by Rolls-Royce plc, (Derby, U.K.) in the fully heat-treated condition which involved: (i) solutioning at 1295'C for 6 hours, (ii) a primary age of 4 hours at 113O'C and finally (iii) a secondary age of 16 hours at 870°C. Samples were sealed under vacuum in silica tubes after flushing with argon and annealed for various times and temperatures. Some samples were annealed for shorter times in air and this did not have any effect on the formation of the TCP phases. electron microscope was used to identify and analyse the phases Bulk specimens were prepared by mechanical abrasion finishing using selected area diffraction and Energy-Dispersive with a polish using colloidal silica for at least 20 minutes. The Spectrometry. For the X-ray analysis the TCP phases were samples were examined in the JEOL 6340F, field emission gun extracted from the r/y' matrix using the techniques described in scanning electron microscope using back-scattered electron Reed et. al. [17] .
contrast. Annealing time -hours 
Results and Discussion
Transformation Kinetics Figure 1 shows the experimentally determined TIT curve for the onset of the formation of TCPs in RR2071. TCPs are apparent after 20 hours annealing times at temperatures of 1000°C -1050°C. but are not observed after prolonged annealing at 1150°C. The TCPs are more abundant in the dendrite cores corresponding to the retained segregation of rhenium to the core despite the full solution heat treatment [18] , Figure 2 .
precipitate morphology after annealing for 1OOh at 900°C The morphology of the precipitates changes with both isothermal annealing temperature, and time. This is illustrated in Figure 1 , which includes back-scattered electron images of the microstructure superimposed at the appropriate position. At low temperatures (e.g. 800°C) the precipitates are needle-like; closer examination shows the needles to consist of a series of discrete precipitates, accurately aligned over a distance of typically lo20pm. These are also seen at 900°C in the early stages of the precipitation, (Figure 3 ), together with two other distinct morphologies: fine planar precipitates interspersed with more cylindrical needles and separate larger blocky precipitates. With increasing annealing time the fine planar precipitates gradually disappear leaving individual precipitates aligned over distances of 20um. The line planar precipitates are not seen when the annealing temperature is raised to 1000°C and above. After 20h at 1000°C precipitates are visible as coarse single needles. Subsequent annealing shows that these needles break up and coarsen, as shown, for example, in Figure 1 after 500h at 1000°C. At temperatures above 1OOO'C and after long annealing times at lOOO"C, the alignment of the precipitates disappears and they coarsen to become blocky. It is interesting to note that pores appear adjacent to the TCP phases as the precipitates grow; compare, for instance, the microstructure at 900°C after 1OOh and lOOOh. Pore formation is most prolific at temperatures around the nose of the TIT curve, i.e. 1 OOO-105O"C, but is apparent as low as 800°C.
TEM analysis of specimens annealed at 800°C and 900°C identified the planar precipitates as thin (-30nm) plates of o phase and the co-planar, prismatic needle phases as u, Figure 4 (a), 4(b), 4(c). The R phase was observed to form sporadically, in association with the cr phase, see Figure 4 (d).
The structure of the CJ phase in this alloy is unusual in being polycrystalline resulting in the mottled/feathery appearance of the precipitates (Figure 4(b) ). We have found that this form of o nucleates very rapidly in the early stages of precipitation.
We believe that this is due to a particularly low nucleation barrier for the formation of o resulting from the low energy of the o/y interface on the (lil) y plane in this orientation, thus enabling it to form as a meta-stable phase. The u phase precipitates form as long, prismatic needles, usually in the plane of the cr plates, and consume the o phase as they grow. The precipitates are faulted and twinned. The fringes spaced at 1.69nm correspond to the largest of the three unit cell dimensions. The P phase precipitates are much larger than the u phase seen at the lower temperatures and are typically OSum in cross section.
The macroscopic form of the precipitates can be seen from SEM micrographs of the extracted residues used for X-ray analysis. The extraction process has left some of the y phase supporting the TCPs. At 1000°C the cylindrical precipitates form a threedimensional network of rods, Figure 8 (a). These are beginning to thin at intervals as they break up into shorter, thicker lengths. At 850°C dense mats of interwoven precipitates are seen as the u phase forms from the planar o, Figure 8 (b).
At higher temperatures the equilibrium phase, P, is able to form without the cr phase or before it has grown to any appreciable size; the result is a random nucleation of precipitates and their growth in the orientation relation described above. Figure 9 shows a stereogram for the y/y' matrix identifying all the matrix directions in which the long axes of P phase precipitates can lie. These are grouped some 15' from the <O1l>v directions. As they grow, the precipitates can branch and intercept to form a three-dimensional network of rods. With prolonged ageing the rods thicken and segment. The result is the apparently random distribution of TCPs seen at higher temperatures and after prolonged heating at looo"c.
The predominance of the p phase at low temperature (~950°C) and the P phase at high temperature (>95O"C) was confirmed by X-ray analysis of the extracted TCP residues from specimens crept for 197211 at 850°C and 671 h at 1000°C and reported in detail in ref [ 181. The lattice parameters for the p and P phases in RR2071 were determined from the X-ray spectra obtained from such residues and these are summarised in Table 3 . Table 3 . Lattice parameters of p and P phase in RR2071
TCP Phase Composition
The compositions of the TCP phases have been determined by EDS analysis in the TEM, and these are given in Table 4 . The values for the cr, p and R phases were determined from specimens aged at 800 and 9OO'C and those for P phase at 1000°C. Annealing times were lOOO-2000h. The composition of the p phase present at several temperatures showed little variation with temperature or annealing time. Where possible, several precipitates have been examined and the average value given; in the case of p over 20 precipitates were analysed. For R phase the composition of only one precipitate was measured and this value is quoted. The values for the very thin precipitates of cr contain variable amounts of y' from the surrounding material and are therefore higher in aluminum and nickel. These values show a consistent pattern and a single example is quoted which shows the lowest value of the aluminum content and is hence presumed to contain the least y'. Figure 10 shows the phase compositions in at % plotted on the same axes and the 'signatures' of each of the phases can be seen. The compositions of the P and R phases are very similar and characterised by equal chromium and molybdenum concentrations. The p phase compositions are distinctive, being high in molybdenum and low in chromium and rhenium. In contrast the cr phase shows high chromium and low molybdenum and rhenium concentrations. Using the results quoted here together with those from other alloys, the thermodynamic database used to predict the equilibrium structure of rhenium-containing alloys, was modified to give the version known as 'Super 5' [16] . The compositions of the TCP phases for the ahoy RR2071 predicted using this database are given in Table 5 . The 'signatures' of each of the phases are correctly predicted by the database but the experimental values for nickel are consistently higher, and the values for chromium and molybdenum lower, than predicted. At 1000°C and 2000h the average diffusion distance for the slowest element, rhenium, in y is approximately 14pm, of the order of the precipitate spacing. This drops to 5pm at 900°C, [18, 201 and may explain the lower experimental rhenium values found for the lower temperature phases, u, R and cr. The diffusion of the remaining TCP-forming elements is sufficiently rapid for equilibrium to be reached during the annealing time.
The relative stabilities of the various phases can be demonstrated by plotting the calculated phase occurrence as a function of the temperature for the alloy RR2071 where only one of the TCP phases is allowed to occur at any one time. Figure 11 shows that, for this ahoy, the TCP phases are predicted to have very similar Gibbs free energies, and if this is indeed the case, it makes the prediction of the correct TCP phase extremely sensitive to the database parameters. Nevertheless, the predictions of the database were compared with the three similar rhenium-containing alloys for which detailed information on the TCP phase occurrence is available.
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Ten-p C Figure 11 : Calculated molar fraction of TCP phases predicted to form in the RR2071 alloy as a function of temperature with only one TCP phase being allowed to form at any one time showing the relative stability of the phases P, R, p and o.
The 'Super 5' database was used to predict the equilibrium TCP phases as a function of temperature for the alloys RR2071, CMSX-4 and Ahoy 800 [15] and these are shown in Figure 12 . RR2071 shows abundant TCP phase formation exhibiting ail four of the major phases over the temperature range. The major phase at 800-900°C was p with a small proportion of R and cr (the o phase appears to be meta-stable). At 950°C and above, P phase is the majority phase with small amounts of p at 950°C but not above that temperature. Although the database correctly predicts 774 the formation of P phase in RR2071 at the higher temperatures, it underestimates the stability of the p phase at the lower temperature. The solvus for P, predicted to be at 1060°C, is also lower than the experimental value of -1150°C.
In the Alloy 800, studied by Darolia et. al.
[lS] the majority phases, P and cr. are reported to occur together up to at least 2100'F or 1150°C. The p phase is also present in small amounts. The database predicts the occurrence of the phases P and cr, both having very similar stabilities, but, again, the predicted solvus for P at 105O'C clearly underestimates the solvus of the TCP phases. In contrast, CMSX-4 [7] shows the formation of the phases p and R in small quantities. At the higher temperature of 1 lSOY!, equal amounts of each phase are observed but at 1050°C p is the most abundant phase. P phase has not been reported in CMSX-4 indicating that the replacement of tungsten by molybdenum stabilises P at the expense of R. However as pointed out by Saunders, [14] the free energies of the phases cr, R and P are particularly close in the alloy CMSX-4, and small changes in the rhenium, chromium or tungsten levels can cause any of the phases to become the dominant predicted phase. Neither P-phase nor u is predicted by the database. Indeed the u phase is present in all three alloys and is the majority phase in RR2071 and CMSX-4 at lower temperatures. The stability of the p phase is underestimated by the database. Attempts to remedy this within the existing model of the p phase resulted in an unrealistically high rhenium content of the phase and indicate that the existing sublattice model of the l.t phase requires further modification [16] .
Prediction of the stability of rhenium-containing alloys with respect to TCP phases is not simply a function of equilibrium thermodynamics. The work reported here has highlighted the role that kinetics plays in the formation of TCPs. In the alloy RR2071, the precipitation of the CT phase at 9OO"C, and its subsequent disappearance, demonstrates that o is not the equilibrium phase, but, although it is replaced after long annealing times by JL phase, the CT determines the morphology of the latter phase. The existence of a planar precipitate was suggested by Darolia et al to explain the inter-woven mats of P and o precipitates parallel to ( 1 1 1 } planes in Alloy 800. The difficulty of nucleating TCPs in CMSX-4 is remarked upon by Proctor [7] , who observes that in CMSX-4 the p phase precipitates are extremely large single needles up to 35pm in length. This is very much larger than any precipitates observed in RR2071. Thus the ease of nucleation of a particular phase can play an important role in the stability of an alloy in the short term and affect the morphology of the phases in the long term.
Despite the reservations outlined above, the level of detail and accuracy of the predictions from the rhenium-containing database exceeds that from other methods [21] and is in a form which can be integrated with diffusion data to provide a powerful modelling tool to incorporate kinetic effects [20, 22] .
Summarv and Conclusions 1. RR2071 exhibits a variety of TCP phases over the temperature range. The major phase at 800-900°C was u with a small proportion of R and o (the o phase appears to be meta-stable at 900°C). At 950°C and above, P phase is the majority phase with small amounts of p which vanish with increasing temperature. 2. The TIT diagram for TCP formation has been determined; precipitation is most rapid at -1025°C with significant occurrence of the P phase after 20 hours. No precipitation was observed at temperatures of 1150°C and above.
3. At lower temperatures meta-stable cr phase is readily nucleated as very thin polycrystalline sheets. It appears to be the pre-cursor for the equilibrium phases p, and R.
4. At higher temperatures no evidence of o was found and the equilibrium phase, P, grows throughout the matrix to form a 3-dimensional network of branching rods. The morphology which is exhibited by this phase has been rationalised.
5. The p, o and P phases are readily distinguished by composition: p is rich in MO (or W) o is rich in chromium and low in molybdenum, and P and R both have roughly equal concentrations of molybdenum and chromium. Increasing the alloy molybdenum/tungsten ratio stabilises P at the expense of R.
6. The modified database for the rhenium-containing alloys has proved reasonably successful at predicting the occurrence of the P and o phases but underestimates the stability of these phases. However the calculations using the current 'Super 5 database failed to predict the occurrence of the p phase in any of the alloys examined, and the model for this phase requires further development.
